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T h i s  paper presents information obtained regarding par t ic le  s i z e  and part ic le-  
s ize  d i s t r 5 b u t i m  of the  i n o r g a e c  cors t i tuents  of Creen River o i l  shale. cil shale, 
a st ratsgraphic  rock camposed of a c a p l e x  mixture of o r g s i c  and inorganic constitu- 
erits i n  variable proportions, is one of our mjor potent ia l  sources of l iqu id  fuels. 
pyrolysis is the basic pr inciple  conmon t o  the inany e x p e r k n t a l  methods devised f o r  
converting tk organic n a t t e r  t o  l iqu id  prodkts .  re tor t ing  systems have been 
dewlcped, sme t o  commercial o r  semicomercia1 scale (h,lO,l.l). The s imi la r i ty  in 
percentage o f  organic matter converted t o  o i l  i n  such widely d i f fe r ing  processes as 
a b2tch ari.alyL;lcal'nethd (U) and VZ~~OLIS large p i l o t  plants  operated a t  retorting 
temperatures of 8500 t o  950° F., i rd ica tes  that the maximum conversicn obtainable of 
organic matter t o  l i q u i d  products is of the order o f  66 percent, regardless of the 
method of applying tbe9mdl erm-w. 
percent gas and 25 percent coke which renains on the  shale residue. The published 
data f u r t t e r  indicate that the crude oils produced are  of poor qua l i ty  (1,8,12). A 
d e f i z i t e  explanation of t b s e  phenomena are  not h a m .  
of the molecular s t ructure  of the organic r a t t e r ,  tbe nature of tk organic-inorganic 
asscciat ion,  the preferred react ion mechanism in a them1 system, or a canbination 
of these factors .  

T h e  other products foroed are approximately 9 

Probably they are  a function 

As only 66 percent of the organic matter is converted to l i q u i d  products and the 
result&- oils are  of poor qual i ty ,  it would be highly &sirable  t o  develop processes 
that would improve both  y i e l d  and qual i ty  of o i l ,  thereby enhancing the e c o n w  of 
oil SU. 
of oil. shale may improve ex is t ing  methods or may disclose leads f o r  d e v i s i n g  new and 
be t te r  processes f o r  converting the organic matter t o  l iqu id  products. i n  tk l i c h t  
of t h i s ,  par t  of the research in oil shale is directed t o  gain a better ins ignt  i n t o  
its physicocbmnical s t ructure .  

Ccnnprehensive understanding of the fundanental properties and s t ructure  

T h i s  is the f i r s t  of a series of papers. F'undarmtal properties of ofi sh& 
curren t ly  under invest igat ion are:  Par t ic le  s i z e  m-d par t ic le-s ize  d is t r ibu t ion  of 
the primary inorganic par t ic les ;  pore s t ructure  of the inorganic constituents; surface 
area of the r?.w o i l  shale and the  inoTganic const i tuents ;  pore size, pore-size dis- 
t r ibu t ion ,  and permeabWty of the inorganic matrix devoid of organic matter; and type 
of bonding between the crganic a rd  inorganic constituents. 
nature regardk-g o i l  shale is virtually nonexistent. 

Information of t b ?  

Experinental 

Oil shales that d i f fe red  widely in o i l  y ie ld  (75 acd 28.6 gallons per ton)  were 
selected for t h i s  investigation. 
of beds EF and B, respectively, of tk Selective mine, Rifle, Colo. (u). 
samples, approximately 200 pounds each, were crushed t o  pass a P-rmsh-per-inch screen. 

Samples were taken a t  random from 1-foot-sections 
The 2 
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Representative samples were taken and prepared as needed from each of the crushed 
s;!ples. 

Preliminnary Consideratioris and Tests 

Pwt icu la te  n a t c r i a l s  usually respond favorably t o  par t ic le-s ize  measurements, 
b3t t h i s  i s  not  the case v i t h  the p r i T m  inorganic p a r t i c l e s  that i o n  par t  o l  the 
M g N j  consolidated orgacic-inorganic system t h a t  e x i s t s  in c i l  shale. 
" p r l r x j  inorganic prJ.tidLesJ is & s i % a t e d  t o  man tihe individual inorganic crystals. 
These c rys t a l s  a r e  either pa r t ly  o r  e n t i r e l y  encased by orgaxic matter and in m y  
instances are bound together, in varying degrees, with inorganic cerentb-g agents. 
The extent  of t;2e inorganic cementation is  a function of 'ths orgacic content. 
prnct.ica1 or e f fec t ive  methd  is  h m n  where'by par t ic le-s ize  analyses of the  pr-7 in- 
organic par t ic les  can Se nade as they natural ly  occur in oLt s l ide.  
c.we necessary to isola+s t.he inorganic constituents. 
solvent act ion would have been ideel ,  as then the inorganic constitEents recovered 
would have r e t a k d  e s s e n t i a l l y  t h e i r  initial cbaracter is t ics .  iio?rever, no s ingle  
solvent or  corkhat ion  of solvents vas found tikt ef fec t ive ly  separated the orzanic 
na t t e r .  
patter was removed by t h e m a l  treatirent. 

T h  tern 

No 

It therefore be- 
3emoval of tlie organic matter by 

Since solvent actior.  did not acccmplish tL% desired separation, the o7gani.c 

It tias e s s e n t i a l  f o r  c o q a r a t i v e  purposes t i a t  ti: organic rtatter ke removed from 
the incrzanic pliase under a c o r i i s t e n t  set of cocditions f o r  a l l  of t1-e studies  u t a -  
iz i i , r  orgznic-free m j x e r a l  constituents. In  some s tudies  t:he organic-free mineral 
constituents liere prepared fron m y  pieces of o i l  s i d e  to form a s ingle  smple ,  
vihereis c ther  s tudies  required that organic-free mineral const i tuents  be prepared frm 
individual pieces of o i l  s t d e  i n  t& f o x  of cores 1-1/2 iizches loA% and 1/2 inch ii? 
d i z c t e r .  The conditions s e l e c k d  for removiqg the  orgmic  matter, base.' or, a series 
of prelL%-u.r; t e s t s ,  were those found t h a t  removed th crgsnic Gt te r  frorn o-il-shale 
cores Kith ninninwn physical and chemical c h a q e s  t o  tne mineral constituents. 

i+eparation of Organic-'ree I.I-ineral Cocstituents 

1 presents a schematic diagrm. of t he  s teps  taken t o  prepare %:he organic- 
free nkneral cocst i tuents .  ' h o  composites consis t ing of 200 t c  360 pieces of o i l  shale 
raz.:iEz i n  s i ze  fron 0.25 t o  0.375 inch were selected from (1-3) t o  represent ti2 
75-gKUon-par-ton o i l  shale. Ti= individual fragnents were la rge  enough s o  tiat an7 
size  reduction sustained by tine p r i m r y  inorganic p a r t i c l e s  exposed a t  tiE surfaces 02 
t h e  iidi-idual fragnents duirinE crushing of the o i l  s h d e  xere considered negligible. 
The cor.posite sa..ples were placed i n  separate  porcelain dishes, arranged in tb form 
of a ked 1-1/2 ir.ch*s thick, covered, ar.d placed in an e l e c t r i c  muffle a t  roon temper- 
atwe. A therr;.ocouple was ?laced L? the center of one of the smples t o  record the Sed 
teenerature. 
a t w e  of the 0 3 - s h d e  saiiple was ra i sed  i n  Lmrements of lao F. per hour t o  6500 F. 
It vas minta ined  a t  650' 7. f o r  six hours, then ra i sed  t o  7. f o r  an a d d i t i o n s  
SLK h o x s  3nd %.hen t o  7 0 3 O  Fa, mtil  dqrada t ion  of t k o r g a n i c  patter app3red  t o  b 
corn$.ete. 
i i idivicixLt  pieces of o i l  shale x i t h  m i n i i m  strIicturz2. breakdmm of & inorga-ec 
TA~TLK, 
&OO and 7CQ0 F. 
encrusted v i t h  carboniceous material. 
tecperature was maintainsd a t  700° F. f o r  four hvxs. 
aceous material began t o  disappear slowljj .  
.miitai?ed a t  this p o b t  for fom h v x s .  
renoved a t  7.50' 1. 
t h i s  t r e a t m n t  c o n t a h d  l a s s  than 0.1 weight-percent of the  

The s m p l e s  iiere heeted t o  250° F. over a .=riod of one how.. T k  temper- 

This proczdcre was follower! to -=nit t:he o r g a l c  mafter t o  escape i ron t& 

Degradation of e s s e n t i a l l y  all t he  organic patter appeared to ocsur betyeen 
A t  t h i s  p.hs3 Of th? tkimal t rea tnent  the individual  pieces were 

The porcelain dishes were uncovered, and the 

Any carbonaceous nuterkl =,mining was 

During C~?is period tk carbon- 
The temperature was ra i sed  t o  7250 F. and 

Chenicd analyses indicated t h a t  the shale residue o b t a b d  frm 
organic carbon. 

Rio composite s m p l e s  of organic-Zree mineral const i tuents  frm 28.&;aUon-per-tm 

I 

\ 

I 
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FIGURE I.-SCHEMATIC DIAGRAM FOR PREPARING ORGANIC-FREE SHALE RESIDUE 
FOR P A R T I C L E - S I Z E  MEASUREMENTS 
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o i l  s m e  (2-C) -.ere prepared in the sane m m e r  as  described above. 
t h i s  &gree of richness vas selected, as it occurs a t  several  d i f fe ren t  leve ls  i? tb 
Selective m i n e .  
'gallon-per-ton o i l  s;hales represented 55&2 and 83.7.5 weQht-percent of the initial 
o i l  shale, respectively. 

!tinera1 Cons ti tuents  

cil shale of 

T h e  iqorganic . h e r d  c o n s t i k e n t s  mcovered from tb 75- and 25.5- 

The major inorganic const i tuents  in the  o i l  s h d l e s  studied were quartz, feldspars, 
dolomite, ,and c a l c i t e ,  which compose a p p r o f i m t d y  9.5 weightt-percent of the t o t a l  
miners matter. T:w miqor  const i tuents  include i l l i t e  c lay rnizxals, ppt+a, a i d  
a m l c i k .  The const i tuents  most sens i t ive  t o  t h e d  'treatmnt a re  t,he i l l i t e  c lay  
minerals, p ' p i t e ,  and. the carbona'p-s. G r i n .  ( 2 )  'has shwm by d i f f e r s n t i a l  t h e d  
curves t ;wt  i l l i t e  dces not undergo formation of  new pbases a t  750° F., or below. 
Accordiqg t o  Jukkola e t  al., (5) the d o l d t e  a?d c a l c i t e  i n  o i l  sh2l.e dc not decorrpose 
klm lWOo F. 
hours hac? an average loss in weight of 0.15 .might-prcent indicatL7.g that the shale 
resiZue did not undergo any appreciable loss  in weQnt on prolonged k a t h g .  

Smples  02 organic-fiee & h i e  residue .naintained a t  750° F. f o r  e i g h t  

S5enical Chmges  bring Thermal Treatrent 

A s  a result o f  c;henical changes that occurred duril; rerno'e2 of th organic matter, 
the shale'residue (1 -C)  contained 5.07 weight-prcent calcium sulfata and ke51 ueight- 
percent ferr ic?  aids. 
o--;vinc L-t2 inorgzqic const i ixents ,  a s  calciiun sulfa'te 2nd f e r r i c  oxide ,have been ident i -  
f ie6  iq o n l y  trace amounts i n  the Ininable bed. 
fro;? midat:ion of t k  i ron pyri te ,  and tk c a l c h n  sulfa&& probably was formed by 
Lrkar.cction bettrecn c a l c i t e  and e i ther  organic or  inorganic sul-fur or a combination of 
both. Apparently t h e  calcic& was attacked instead 3f the d o l o d t e  L? the  fornat ion 
of calcium su l fa te ,  as no nagnes2m s u l f a t e  o r  f r e e  .naznesiun c&-bonate was &+dcted 
i? the s:hale Azesidue. The c a l c i l ~ 7  sulfate could 'E remooed bj prolorged conti-nunus 
extract ion with ?.rater. 2eca;lse of density difference between the f e r r i c  oxide and the 
remainder of tLhe shale resid.=, t i e  congloim-a+ad f e r r i c  oxide could probably be 
removed by gravi ty  separation, using an appropriate l i q u i d  inedi:un. :immver, e f fec t ive  
senaratioc 3y t h i s  .nethod vas not accomplished. 
 as a t t r ibu ted  t o  physical forces i?&*racti?g betwzn the f i a e  par t ic les  and I i c p i d  
wdim. 

F a r t i c l e S i z e  !basurements, Sieve Analysis 

deternbed  by passing each of tne tmo coGosi te  samples (14) over 30-, 60-, 80-, loo-, 
3 3 - ,  300-, and 3 2 . h ~ x h  sieves and weighb:: the primary b-organic par t ic les  re ta ined 
on each sieve. 
;ro;-ed over the  screen surfaces by applying press.ure with a small brush.  
reduced conglomerated msses but was not severe enough t o  f r a c t w e  prLiFJ  par t ic les .  
FLnce, any new p a r t i c l e s  fomed ir. reducing the corglomzates oy this method * , E  
essent i3l l j r  f ragnents of cenentiag agents or possiblz  of sme of the iliik C&J mi?-. 
erals. 
and dnm t o  4b microns ii diameter, amounted t o  0.a -,eight-percent of the shdle 
residue (14). 

Formation of tnese compnmds i r t roduced p a r t i d e s  foreign t o  the 

Tihe f e r r i c  a i d e  most likely resu l ted  

Failure t o  separate the f e r r i c  a i d e  

Therefore the f e r r i c  oxide was included as par t  of  the shale  residue. 

P a r t i c l e s i z e  measurements of tb larger par t ic les  i? tk r i c h  s i d e  residue ?ex 

An7 s i d e  residue t h a t  did not readi ly  pass successtve sieves vas 
This rrethod 

The combinsd weight of the pr imary  p a r t i c l e s  re ta ined on tk sieves, above 600 

Par t ic leSiZe  Pbasmemnts i n  the  Subsiew Range 

Microscopic exar;;inations of the shale residue in th subsieve range (1-D) revedled 
that it still contained conglomrated masses. &duction of these masses, except f o r  
some of the f e r r i c  a i d e ,  was best  a t ta ined  by subjecting the shdle residue suspended 
in a l iquid mdium t o  ul t rasonic  v i b r a t i o n s .  The apparatus . s e d  t o  produce the 
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d t r a s o ~ c  V;,brations was a Glennib  K d e l  U - 6 z  u l t rasonic  u n i t  ra ted  a t  
cycles p e r  second with a pokier output t o  the transducers of 100 watts. 
c les  of c a l c i t e  and dolsrAte recovered on the 80- ani 1 0 W s h  sieves  were exposed t o  
d t r a s o n b  vYorations without s ign5ficant  deleterious effects .  
it was concluded t h a t  t i e  ul t rasonic  vibrat ions induced no appreciable &hatter of the 
primary par t ic les .  

kilo- 
Priinaq!~ par t i -  

&%am these observatiom 

Each composite sanple of shale residue in ti-e subsieve range (1-D) was divided 
i n t o  t.+ee portions, a s  it was desired t o  obtaL-7 par t ic le -s ize  infomation of the 
initial sbAe residue (l-g), the s.ha3.e residue f ree  of water-soluols raterial (1-F), 
L?d that portion of tk shale  n s i a u e  r e s i s t a n t  t o  d i l u t e  @lroc:hl.oric acid (14). 
The water-soluble-free afid acid-resis tant  residues represented 91.59 and 60.07 weight- 
percent o f  the initial shale residue (1-C). 
three residues were 2.743, 2.73jLr and 2.6892. 
n m d  3.34 weight-percent of m a t e r 7 3  other than cdcim sdfate  Iron tk i n i t i a l  shale 
residue (1-D). 

The respective spec-l'ic grav i t ies  of tsle 
T h  continuous w s t e r  extractior? re- 

Many di f fe ren t  methods and apparatus, each w i t h  its merits and l i m i t a t i m s ,  are 
used f o r  making particle-size reasurements of material5 i n  t h e  subsieve r a g e  (6,lS). 
Tie mt:?cd selected for  t h i s  work was the  kcre .wnt  re thcd of sedimntat ion,  considered 
t o  &.one of the most accurate mthods; the a7,paratus was an Andreasen sedhenta t ion  
vessel. h e  l i n i t a t i o n  of t h i s  nethod is that p a r t i c l e s  wi th  dianeLars snaller than 
0.5 m i c r a  cannot be rneasured ai ing t o  &amian movment, which prevents f r e e  fall,. 
Two inportant requirements for  accurate par t ic le-s ize  =asmerents  are  a high degree of 
dispersion of individual p a r t i c l e s  and xbsequent prevention of f locculat ion during the 
prolonged test period. These requirements were 'best at ta ined ahen a suspension =,dim 
was used t i t  consisted of d i s t i l l e d  w a t e r  containiqg 2 grams pe r  liter of rJaxad ?io. 
23 a s  the dis?ersing agent ( 7 ) .  Periodic examination of  the suspension and the  forma- 
t i o n  on standm.g of a r i g i d  s e d h m t  of mininun vo>&me indicated t h a t  the t x o  require- 
ments w e r e  a t t a i m d  t o  a htgh degree. 

Duplicate d e t e n i n a t i o n s  were made on each or" samples (LD), (l-F), and (1-13). 
A weighed saqple, c ,df ic ien t  t o  give an  approxinate volme concentration of 1 percent 
of the v o l u i i  of t.he sedirentat ion vessel, uas nixed with 200 d. of suspersion Tedium; 
a i d  the sixpension was subjec'kd, with constant s t i r r i n g ,  t o  ul t rasonic  v i j ra t ions  f o r  
30 minutes. 
reference mark with svspension medium, and thoroughl7 mixed before it was placed i~ a 
constafit-temperat;lreue bath (70° F.) t o  minimize tk e f f e c t s  of  convection ciz-rents. 
T k  sus-pension medium B e d  t o  analyze (1-9) was saturated a t  70° F. with calcium sillfak 
t o  prevent any calcium sulfate i i i  the shale residue frar going i i i to solution. 
te.mperatuze equilibriuix was at ta ined,  trs vessel was renoved, thoroughly shaken f o r  
several nLmtes, emplomg a tunbling notion, r e t u n e d  t o  the bath, a?d t b e  f k s t  
l0-d.  f r a c t i o n  i i i e d i a t e l y  wit-hdraxn and t ransferred t o  a tared. bea-br. S? lbse tpnt  
f ract ions vere withckaxn ana t ransfer red  t o  tared 'makers a t  i n c r e a s h g  ti?= Lqtervals, 
a r b i t r z r i l y  se lec ted  over a cwmibtive p e r i o d  of abo-at 1M) hours per wAlgsis. Each 
f rac t ion  except tb f i r s t  was withdrawn a t  unifom. rate, appprodmtely 20 seconds per 
f rac t ion ,  t o  mininlize dishrbance of t h e  scspension. T h e  number of  f rac t ions  col lected 
to ta led  20 t o  22. A f t e r  evaporation of t:re l i q u i d  and drying a t  220° F., each f rac t ion  
wa3 rqeighed and the correction applied for the dispersing agent. The corrected weight 
of the first f r a c t i o n  represented the initial concentration of shale  residue in the 
suspension. The weight-.percent o f  each subsequent f rac t ion  was  calculated from th 
b A t k l  concentration, and its corresponding p a r t i c l e  s ize  was determilled 
lz,, expressed as follows: (9) 

T h e  zsixtxre was t ransfer red  t o  ti% sedhenta t ion  vessel ,  d i lu ted  t o  the 

iLkr 

Stokes' 

I 

\ 
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where r is the radius  of spherical  p a r t i c l e  (cm.); n, t i e  Viscosity of suspending 

is withdravm; d l ,  spec i f ic  grav:t.j of the par t ic le ;  d2, spec i f ic  gravi ty  o f  s-*pending 
mdimn; g, gravi ta t iona l  constant; and t, tin? in seconds. 
premise t'mt p a r t i c l e s  are  spherical  and smooth and that the concent=ation of the 
suspension is d i l u t e  enough t o  permit free f a l l .  
and 5) revealed t h a t  the prinarf par t ic les  were e s s e n t i a l l y  noi..sphericd. 
bmar ( 7 )  s t a t e s  t h a t  irregdar par t ic les  v i t h i q  the subsieve range ha-Je been shown t o  
behave much l i k e  spheres. 
should be valid. 

(poises); h, distance (cm.) betieen l iqx id  surface a d  p i p t t S  t i p  when sample 

Stokes' law is based on the 

Photoi icrograph (Fibures 2, 3, 4, 
Hagever, 

Xence, the r e s u l t s  obtained by t h e  sedimentation method 

The shale residue ( 2 4 )  from t h e  28.S-gallon-per-ton oil shale w a s  subjected t o  a 
sieve analysis i n  the same manner described for t h s  shale residue f r o m  tk r ich  oil 
shale. 
extensive. 
reduced t o  within the subsieve range. 
the conglo.wrated msses  re ta ined  ai the sieves. 
recyired saxe form of crushing. 
percentage (1.73) of water-soluble material (241, only the ini t ia l  material in the sub- 
sieve raqp ( 2 3 )  was analyzed f o r  particle s ize .  

T n e  degree of cewnta t ion  b e b e e n  individual p r j i ~ 2 r y  p a r t i c l e s  vas f a i r p i  
As a r e s u l t  of this, only 62.5 weight-prcent of th? shale  residue was 

Ultrasonic L-eatmnt did not e f fec t ive ly  reduce 
To fur ther  reduce t h e m  would have 

&cause of the high degree of cemn'ation and l o w  

Interpretat ion 0.f R'esulta . 

Nathematical analysis  of  the d i rec t  anal$t,icd data from tbe sedimntat ion runs 
indicated that these data  could best  be expressed by convertiqg t h e m  t o  a form t h a t  p r -  
rnitted grapfic  presentation, tht is, cundat iva  veight-percent oversize as a function of 

s izedis t r ib i l t ion .  curve f o r  the i n i t i a l  oil-shale residile (1-C). 
represents the sieve analysis. 
curve would not show p a r t i c l e s  w i t h  diameters grea ter  thaii 4!: microns, as they riould have 
k e n  retained on ths  32$xesh sievn. 
par t ly  or  e n t i r e l y  t o  the pr inciplo tilat s ieves  c lassi fy p a r t i c l e s  according t o  the l e a s t  
cross-sectional area. 
sedimatztation ruin (7.20 weight-percent, with ecuivaleat  s?herical  dianeters  of less 
than 0.5 micron) was e s s e n t i a l l y  c a l c i m  sulfate and i l l i t e  .clay miierals, as  determined 
by X-ray d i f f rac t ion .  
%ight-percent of the shale residue analyzed. 

f ree  of water-soluble raterial (1-F). 
par t ic le  s ine based on the ana ly t ica l  da ta  f ron  two copqosite smples. The degree of 
confoimify beheen the tzro samples, as exhibi ted by t.k plo t ted  'poLits, xas such that 
only one curve could be convenimtly presented. ?he l i i e a r  p l o t  represents t i  sieTE 
adysis. The t o t a l  quant i ty  of shale residue accounAted f o r  represented 98.8 %Eight- 
porcent of the shale residue analyzed, of which 3.2 weight-percent r e . m h d  in sus- 
pension. 

d i lu te  .hydrochloric ac id  (1-8) is shown in Figure 8. 
acid-resis tant  residue were quartz and feldspzrs.  
average of tiia s e t s  of experiTenta1 &<a taken from t r ~ o  composi'e s a ~ p l s s  of s M e  
residue. The p lo t ted  points s h a i  the ac tua l  v a l w s  calculzted from t n e  anal>%ical 
data. The quant i ty  of s i d e  residue witn equivalent spher ica l  dimeters less than 0.5 
micron t h a t  remained i n  the suspension rediurn a t  the end of the run was 2.6 weight- 
p r c e a t .  The t o t a l  quant i ty  of shale residue accourted for  was 96.5 ueight-percent of 
tne shale residue c h a g e d  t o  the sedirLentation vessel. 

Figure 9 presents the cumulative Farticle-size-distribution cmve f o r  the primary 

' the logarithm of equivalent spherical  diameters. Figure 6 presents the cumdative 
The l inear  p lo t  

If t k  primary p u t i c l e s  had been sg-heres, t k  S-shaped 

Overlapping of tk two curves is a t t r ibu ted  

The m t e r i d l  tha t  remined i n  suspension a f t e r  canpletion of t h e  

The t o t a l  quantity of shale residue accounted f o r  was 99.5 

Figure 7 presents the cumulative par t ic le-s ize  d i s t r i b u t i o n  curve of shale residue 
The S-shaped curve repTesents th average 

The material that r e m a h d . h  suspension was e s s e n t i a l l y  illite c lay  minerals. 

The cumulative par t ic le-s ize  d is t r ibu t ion  curve for  the 'shale residae t reated w i t h  
The major const i tuents  in tkp 

'Tk S-s.b?ed c w c s  represents th 

J 
! 
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Figure 2, Photomicrograph of primary inorganic particles i l lustrating 
shape and roundness. Equivalent spherical diameter range, 
175 t o  250 miarons. MagnFfioation 3OX. 

\ 

Figure Photomicrograph of primary inorganic particles sham above. 
Magnification lOOX. 
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Figure h. Photcwicrograph of primary inorganic particles. Equivalent 
spherical diameter range, 5 to  15 microns. 
21Qx. 

Magnification 

Figure 5. Photomicrograph of primary inorganic particles, essentially quartz 
and feldspars. Equivalent spherical diameter range, 15 t o  30 
microns. Magnification 21Qx. 

I 
I 
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EQUIVALENT S P H E R I C A L  D I A M E T E R  IN MICRONS 

FIGURE 6.-CUMULATIVE PARTICLE-SIZE DISTR18UTION CURVE OF THE 
PRIMARY INORGANIC PARTICLES I N  RICH OIL SHALE 

SAMPLES OF 75-GALLON-PER-TON 
OIL SHALE ( 1 - F l  

500 IO0 50 10 5 1.0 0.5 
EQUIVALENT SPHERICAL D I A M E T E R  IN MICRONS 

FIGURE 7 . -CUMULATIVE P A R T I C L E - S I Z E  DISTRIBUTION CURVE OF PRIMARY 
’ INORGAN!C PARTICLES FREE OF WATER-SOLUBLE MATERIAL 

, 
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- C. RUN NO. I 
o RUN NO 2 

\ 

I 

I 

ORGANIC-FREE OIL-SHALE RESIDUES 
FROM TWO DIFFERENT COMPOSITE 
SAMPLES OF 7 5 - G A L L O N - P E R - T O N  

6G1 OIL SHALE ( 1 - H )  

50/ 
4% 

I 
30 b 

EQUIVALENT SPHERICAL DIAMETER IN MICRONS 

FIGURE 8.-CUMULATIVE PARTICLE-SIZE DISTRIBUTION CURVE OF PRIMARY 
INORGANIC PARTICLES FREE OF WATER-SOLUBLE AND DILUTE 
MINERAL ACID-SOLUBLE MATERIALS 
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I O  

0 

I % l  I ' m ,  I I 1 , * , I  I 

- 1 
' . 0 ORGANIC-FREE OIL-SHALE R E S I D U E  FROM 
k 75-GALLON-PER-TON OIL SHALE ( 1 - 0 )  

- b O R G t N I C - F R E E  0 I L . S H A L E  RESIDUE FROM 
2 8 . 6 - G A L L O N - P E R - T O N  O I L  S i i A L E ,  62.5 

- ' N T  % OF I N I T I A L  O I L - S H A L E  R E S I D U E  
REPRESENTED ( 2 - 0 )  

- 

- - 
- - 
j 

! 
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500 100 50 10 5 1.0 0.5 
E O U I V A L E N T  S P H E R I C A L  D I A M E T E R  IN MICRONS 

FIGURE 9 . -CUMULATIVE P A R T I C L E - S I Z E  D I S T R I B U T I O N  CURVES OF 
PRIMARY INORGANIC P A R T I C L E S  IN 7 5 - A N D  28.6-GALLON-  
PER-TON O I L  SHALE 
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iiorgafic par t ic les  (2-D), 28.6-gaflon+er-ton O L l  shale, t h a t  passed through the 
325..=sh s ie-E.  RE plot  of Figwe 6 is -hcluded in  Figure 9 for  the purpose of can- 
p z i p g  p a r t i c l e  s ize  and par t ic le-s ize  d is t r ibu t ion  0.f pr imaq i n o q a n i c  par t ic les  in 
2~ si.de taken at  tmo dicZeren$ l e v e l s  wi t i - i j n  tbe oil-shale fornation* The o i l  
& d e s  frm tpese ti:c levels  d i t fe red  videly i-l1 organic content. 
both s i z e  and dist r ibut ion 02 w-e prinary par t ic les  withk. ti%? t+7o ievels  exhib i t  a 
high degres of s inf iar i ty .  
t i a t  did not reduce t o  primary p a r t i c l e s  ( 2 2 )  during tk 'screen analysis indicated 
tha t  t h  s i z e s  of the primary p a r t i c l e s  constitut-hg the conglorerated masses were of 
the order of -those tha t  passed the 3 2 S i ~ s h  sieve. 

It is zoted that 

Xicroscopic e x m i x i t i o n  of &&e port icn of the shale residue 

T k  d k e c t  ~ s u l t s  of a l l  the s e d k ~ n t a t i o n  d y S e S  b. the form of cumulative 
Weight-Fercent oversize as a functicn or' equivalent sphhericai diaiiaters in microns 
plot-ed as S-shaped curves. T~-E plo ts  k-dicate  that d is t r ibu t ion  of s izes  of the 
p ~ 7 b . y -  inorparic par t ic les  i n  Grsen River o i l  shale tends t o  follow a log-~ormal  
&str ibut ion.  Good agreement t o  log-normal d is t r ibu t ion  was noted between equivalent 
sF'herica1 diameters r a r i n g  from approximately 1.7 t o  35 micrors when t k s e  &ta  were 
p lo t ted  on l c g a r i t h i c  probabi l i ty  paper. Departure from lcg-r.@rmal a s t r i b u t i o n  was 
noted abcve ana b e l w  these d iamters .  
corlnal p l o t  a s  l inear  lines an I c g a r i t h i c  probaoilitjj  paper. 
from tke cumlat ive frequeccy curves are, part ic le-s ize  range of tk primary inorganic 
par t ic les ,  xeight-prcent  of S P A S  residue above or  below a given diane+&r, or weight- 
percent of shale residce w i t h i n  any two size  ranges except f o r  the skale residce 
smaller t h a q  0.5 micron. 
t h i s  t.yp (gemetr ic  man s ize  and standard geom?%ric d e v k t i o n )  may be calculated 
from the S-shapzd curves b~ reading appropriate intercepts. 
i s  t i e  vdue i n  microns corresporiding t o  50-might-prcent mers ize ,  and the s ' a h d  
geometric deviation is ti r a t i o  of s i z e s  corresponding e i t h r  t o  84,u and 50.00 
or 50.03 and 15,e7 weight-percent oversize (3). 
inorganic par t ic les  deterclined f rm t h e  d is t r ibu t ion  c w w s  of shale residues repre- 
sented by ( l a ) ,  (LF) ,  (l-!-I), and (2-D) were 5.3, 5.4, 6.2 and 6.1: microns,, respec- 
t ive ly .  
calculated from t b  r a t i o  of skzes corresponding t o  84.U and 50.00 percent oversize, 
were 0.3, O.h, 0.4, and 0-3, respectively. 
porxIing t o  50.03 and 15-87, the values obtzined fo r  the standard g e a w t r i c  deviation 
were 0.4. 

Cm.d.ative frequency curves that are  log- 
I n T o m t i o n  a-railable 

- 
- 

Two paramters  t-hat oormdLly define d i s t r i b u t i s n  curves of 

Tne geometric man  size 

Tl-e geomtr ic  man s izes  of the  p r k a r y  . 

The valws of the standard geomtr ic  deviat iors  f o r  t& above curves, a s  

Calculated from the r a t i o  of s izes  comes- 

C-eomtric Form of Prim~.v Inorganic Par t ic les  

Informtior, concern-ing two fundamental properties of the primary inorganic 
par t ic les  -- shape and roundness -- is  best conveyed w i t h  photomicrographs. 
73lustra"ks primzry ixorganic p z r t i c l e s  re ta ined on ?. ~ f i u s  60+1s t?O-iwsh sieve. 
The par t ic les  ars preum.inantlljr rhmbic.  
par t ic les  b r ~ - g s  out the traa dimnsion and sone of their surface charac te r i s t ics ,  
as noted in Fi,we 3. 
diaiwters rar@ng f rm 5 t o  15 niicrons. T h e  g e m s t r i c  configuration of tke primaq 
pzr t ic les ,  k'ith equivalent s p h e r i c d  diansters  smLLer than 5 microns, could not be 
brocght out c lear ly  :&h photomicrographs. Howe-Jer , microscopic examination of these 
par t ic les  =-maled t h t .  tixi: g s c m t r i c  forin reserhled t h a t  sham i n  Figure 4. 
Figure 5 i l l u s t r a t e s  ~,k p r i m 7  p a r t i c l e s  t h a t  were resistant t o  dilute @&ochloric 
acici. 
feldspars, rmged frog 1s t o  30 microns. X-ray a n d y e s  indicated tha t  the sharp- 
pointed parZ1LcI-e~ ?rere quartz. 

Figure 2 

Increased magnification of a number of these 

Figure k i l k s t r a t e s  primary p a r t i c i e s  with equivalent spherical  

The equivalent sp,hcrical umeter  of t i s e  par t ic les ,  e s s e n t i a l l y  quartz and 

%!!!%z 
Ti-= r e s u l t s  of t h i s  invest igat ion provide better understanding of tk p a r t i c l e  

I 

,' 

\ 
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-size, p a r t i c h - s i z e  d is t r ibu t ion ,  and gecmetric fm of the primary inorganic pa r t i c l e s  
present in Green Iiiver o i l  shale. &cause par t ic le-s ize  s tud ies  could not be made i n  
tne prcsence of t he  organic matter, it was removed by t k d  treatment hi a rtxcnner 
tha t  m-himized chemical and physical changes t o  tre mi?eral consti tuents.  
of its high organic content, o i l  s,hal.e that assayed 75 g a l l o n s  per ton yielded a 
friable residue amenable t o  t h i s  type of work, The port ion of shale residue from tAhe 
28 .t-gdlon-per-ton o i l  s:iiale thzt reduced t o  primary iriorganic pa r t i c l e s  without 
crushing - 62.5 weight-prcent -was used fo r  par t ic le-s ize  studies.  

v i r tue  

The p r h - y  inorganic pa r t i c l e s  were es sen t i a l ly  nonspberical , and their predomin- 
a t e  g e m e t r i c  fo rm appeared t o  be rhaTbic. 
inorganic pa r t i c l e s  analyzed :had eqi ivalent  spherical  dian?eters less than bh microns. 
The dis t r ibut ion of s i zes  tend t o  f o l i m  a log-normal d i s t r ibu t ion  betxeen equivalent 
spherical  diameters ranging fro;>. 1.7 t o  35 microns. Departure from log-normal occurred 
below and abov;! these values. T k  geomt r i c  E&? s i ze  and standard gecmetric deviation 
of the  prinary inorganic pzr t ic les  free of water-soluble material in t h e  75-gaUon- 
per-ton o i l  shale vere 5.4 microns and O.h, respectively.  The carrespondicg v d u e s  
for t h a t  poFtion of the 28.6-gdlon-pr-ton o i l  s M e  residue analyzed were 6.L micrcns 
and 0.3. 
c les  of oil shales that differed widely i n  organic content and represented two d i f f e ren t  
l eve l s  within the Green River fo rmt ion  appeared t o  te qu i t e  similar. 

:.lore than 99 weight-percent o f  tk primary 

The range of s i zes  and tm of d i s t r ibu t ion  of the p r i m r y  inorganic pa r t i -  
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